lung are known to occur after Cd inhalation, prostatic and pancreatic tumors after subcutaneous Cd injection, testicular tumors via oral Cd exposure, and local tumors at various sites at which Cd was injected (47) .
In the "Top 20 Hazardous Substances Priority List" by the Agency for Toxic Substances and Disease Registry and the U.S. Environmental Protection Agency, Cd is ranked seventh (15) . Heavy Cd usage began in the 1940s, with large-scale applications in industry (41) , mining, and the burning of fossil fuels (4) . Principal uses today include nickel-cadmium batteries, pigments, and plastic stabilizers. Major occupational exposures to Cd occur in nonferrous metal smelters, production and processing of Cd alloys and compounds, and, increasingly, in the recycling of electronics (49) . Cigarette smoke is by far the greatest source of Cd exposure (51) ; each cigarette contains 1-2 g of Cd, and 40 -60% of the Cd in inhaled smoke enters the systemic circulation (4, 14, 31) . For nonsmokers, the major source (besides second-hand smoke) is ingestion of Cd-contaminated food: shellfish, beef liver and kidney, and grain and cereal products (4, 49) .
In humans and other mammals, Cd adversely affects a number of organs and tissues, including lung, pancreas, testis, placenta, and bone, with kidney and liver being the two primary target organs (51) . Chronic exposure to low-Cd doses predominantly leads to renal proximal tubular metabolic acidosis and osteomalacia; Cd accumulates primarily in the kidney and is eliminated very slowly with a half-life of 15-20 yr (25) . With the rise of world-wide industrialization in combination with a longer life expectancy today, the level of environmental Cd has risen and Cd-induced human disease is of increasing public health concern.
Across all vertebrate taxa, testis is the most sensitive organ to acute Cd-induced damage with irreversible necrosis, occurring at doses below those causing damage to other organs (3) . Testicular necrosis occurs after ischemia due to rupture of the microvasculature (9, 10, 17, 18, 28, 39, 40, 48) . Certain inbred mouse strains are resistant to Cd-induced testicular damage (33) . The Cdm locus was defined as a segment of DNA that confers sensitivity vs. resistance to Cd-induced testicular necrosis (43) . Recently, by indirect methods (12) , the Cdm locus was correlated with the solute carrier-39a8 (Slc39a8) gene, which encodes the ZIP8 transmembrane transporter protein. Retroviral infection of the ZIP8 cDNA in mouse fetal fibroblast cultures resulted in rvZIP8 cells capable of high rates of Cd influx. ZIP8 in rvZIP8 cells was found to have a K m of 0.62 M for Cd 2ϩ and 2.2 M for Mn 2ϩ uptake when tested in HBSS. The ZIP8 endogenous function appears to be an Mn 2ϩ -HCO 3 Ϫ symporter, in which Cd is able to highjack and thus gain entrance into cells using a HCO 3 Ϫ gradient (19) . ZIP8 mRNA is expressed at high levels in endothelial cells of the testis vasculature of sensitive strains [DBA/2J (D2) and 129S6/SvEvTac (129)] but at negligible levels in that of resistant strains [C57BL/6J (B6) and A/J] of inbred mice (12) . Thus mice having elevated ZIP8 expression in testicular endothelial cells are predisposed to Cd-induced damage to this organ-specific cell type. Endothelial cell injury results in vascular leakage, which includes red cell extravasation and platelet plugging, ultimately causing testicular ischemia, followed by necrosis. Interestingly, although striking differences in ZIP8 expression exist in endothelial cells of the testis vasculature between inbred strains of mice, ZIP8 total mRNA levels are widely distributed in many tissues and do not differ substantially between strains. This observation, in conjunction with data demonstrating no mRNA sequence alterations between sensitive and resistant inbred strains of mice, led to our hypothesis that differential endothelial cell expression of Slc39a8 in blood vessels of the testis is the consequence of a DNA variant site(s) within an intron or in a 5Ј-or 3Ј-flanking region cis to this gene.
Cd sensitivity is dominant over the Cd-resistance trait (13, 43) . We therefore inserted the Slc39a8 gene, as a bacterial artificial chromosome (BAC) clone that was isolated from the BAC library constructed from the genome of a sensitive strain (e.g., 129), into a resistant (e.g., B6) mouse genome to see whether testicular endothelial cell ZIP8 mRNA and protein would accumulate and whether the phenotype of Cd resistance would revert to Cd sensitivity. This would prove unequivocally that Slc39a8 is Cdm. In addition to the testicular necrosis phenotype in our Cd-treated BAC-transgenic (BTZIP8-3) line, however, we observed acute renal failure that actually preceded damage to the testis by several hours.
EXPERIMENTAL PROCEDURES

Animals and treatment.
All mouse experiments were conducted in accordance with the National Institutes of Health standards for the care and use of experimental animals and the University of Cincinnati Medical Center Institutional Animal Care and Use Committee. B6, D2, and 129 inbred mouse strains were purchased from The Jackson Laboratory (Bar Harbor, ME). Where indicated, mice were treated with CdCl2 (30 mol/kg sc) dissolved in saline as previously described (12, 13) . The degree of sensitivity to Cd-induced testicular necrosis was assessed as previously described (13) .
Isolation of BAC containing Slc39a8. A BAC carrying the Slc39a8 gene was isolated by PCR screening from the California Institute of Technology BAC 129 mouse genomic library (Invitrogen, Carlsbad, CA). Each membrane from this library carries DNA of 55,296 BAC clones, representing 27,648 unique clones; nine membranes provide eight times coverage of the entire 129 mouse genome. From this library, we isolated several clones containing all, or part, of the Slc39a8 gene; BAC clone 190B6 (Fig. 1A ) was used to generate transgenic mice. Determination of the location of this clone in the genome was accomplished by end sequencing, using the universal primer sites in the BAC vector. (It is coincidental that this BAC clone, isolated from a 129 library, has "B6" as part of its name.)
The BAC DNA was extracted with the use of the Qiagen Larger Contract kit (Qiagen, Valencia, CA). The 190B6 BAC end sequence included the following bases immediately adjacent to the SP6 end sequence, connected at chromosome 3, nucleotide number 135,671,053 (Ensembl v39 location; June 2006): 5Ј-TGAAAGTG-GTCATGTTCTCCTTTTA-3Ј. The T7 end sequence was connected at chromosome 3, nucleotide number 135,839,774 (Ensembl location): 5Ј-GACCTGCAGGCATGCAAGCTTG(end of vector)TCT-TCAGAAAGATACCATTTCCCTT-3Ј.
The size of this BAC clone, as defined by the two BLAST hits on the latest Ensembl database, is therefore 168,722 bp; this is also consistent with pulsed-gel electrophoresis data (not shown).
Generation of BTZIP8 mice. Transgenic mice were created by zygote pronuclear microinjection, performed by the University of Cincinnati Transgenic Mouse Core Facility. Zygotes were derived from (B6D2)F1 heterozygotes crossed with B6 mice. Heterozygous zygotes are larger in size than homozygous zygotes and, hence, have a higher success rate for microinjection. The resistant B6 and the sensitive D2 mice were chosen because marker loci around the Slc39a8 gene had previously been characterized in these inbred strains (12, 13) . The BAC DNA was prepared for microinjection, following linearization with PmeI (Fig. 1A) . The DNA fragment for microinjection was separated from other restriction fragments by pulsed-field gel electrophoresis, purified, and prepared for microinjection as previously described (27) .
Tail-snip DNA from microinjected mice was used to screen for the presence of the transgene, using a primer set at the junction of the BAC vector backbone and the 3Ј-end of Slc39a8 flanking sequence: the (mouse genomic) BW-1 forward was 5Ј-AGGCATGATCCCT-TCTGTGT-3Ј; the (vector) Sp6-reverse was 5Ј-CTATTTAGGTGA-CACTATG-3Ј.
This analysis confirmed the presence of the 3Ј-end of the BAC. Inclusion of the 5Ј-end of the BAC in transgenic mice was confirmed by Fig. 1 . A: diagram of bacterial artificial chromosome (BAC) clone 190B6, isolated from the BAC library after hybridizing to a Slc39a8 probe 10 kb downstream, as detailed in text. Before microinjection, the clone was linearized with PmeI, which cuts as shown. Clone 190B6 (ϳ168.7 kb) was then microinjected into (B6D2)F1 oocytes, to generate 3 BTZIP8 mouse lines. B: photograph of gel after restriction enzyme digestion of a PCR product, to show that band intensity (bottom, 3 right lanes) approximates the total number of copies of the Slc39a8 gene in the 3 BAC-transgenic lines. B6, C57BL/6J mouse strain; 129, 129S6/SvEvTac mouse strain.
sequencing PCR products carrying each of three single nucleotide polymorphisms (SNPs; described below) that differ in 129 mice vs. those in B6 and D2 mice. Celera database SNP names included mCV22353108 (T/C, 129/B6, D2) ϳ2.1 kb upstream from the first exon (BW-17s: 5Ј-TCCTCACTTGGCTCGTTACC-3Ј; BW-18r: 5Ј-TCAAACTGT-GGCATTTCATCA-3Ј); mCV24279118 (C/A, 129/B6, D2) ϳ33 kb upstream from the first exon (BW-15s: 5Ј-GCTGAACCTCAGC-TATTTTCG-3Ј; BW-16r: 5Ј-CAGATGGGTAGATGGATGGA-3Ј); and mCV24279486 (T/C, 129/B6, D2) ϳ65 kb upstream from the first exon (BW-22s: 5Ј-TGTTTAGCTCTGTGCCACATTT-3Ј; BW-23r: 5Ј-GAGCTCTGAGAACCCCACAG-3Ј).
Determination of BAC copy number. The BAC copy number in each BAC-transgenic line was estimated by two convergent approaches. This determination was conducted on mice bred to homozygosity for the B6 endogenous Slc39a8 alleles and containing a single transgene locus. First, from the Celera mouse SNP database plus our sequencing of introns, we identified a restriction fragment-length polymorphism (RFLP; underlined) between B6 and 129 within intron 6 of the Slc39a8 gene: 5Ј-CCCATGAC(C/T,129/B6)TGCATTCC-3Ј. The following PCR primers are centered on this restriction site: P115 (5Ј-AGAAAGCATGAAACCAGAAGC-3Ј) and P116 (5Ј-ATGCTG-GCCAGTTTGCTTAC-3Ј).
AatII digestion was used to cut this PCR fragment. Staining with ethidium bromide allowed UV detection of two fragments, which we then quantified using a Typhoon Phosphorimager (Amersham Biosciences, Piscataway, NJ). Second, we used fluorescent sequencing and the SNaPshot technique to quantify the SNP involved in this RFLP, as previously described (35) .
Northern hybridization analysis. Tissues as indicated were harvested and frozen in liquid N2 until use. Total RNA was extracted by using TriReagent and the manufacturer's suggested protocol (Molecular Research Center, Cincinnati, OH). RNA was size-separated on agarose gels and transferred to nylon membranes; the membranes were blocked and hybridized, as previously described (11) . For the ZIP8 cRNA probe, it was transcribed from a template of linearized plasmid of the entire ZIP8 open-reading frame in pBlueScript. This plasmid was linearized with BamHI, and T3 RNA polymerase was used to synthesize a cRNA probe of the full-length ZIP8 open-reading frame of 1,386 bp.
Quantitative PCR. Total RNA (2.5 g) from various tissues as indicated was used as a template for reverse transcription and primed with oligo(dT) using the SuperScript III first-strand kit, according to the manufacturer's recommendations (Invitrogen). PCR primers for the ZIP8 mRNA were 5Ј-CTCGCCTTCAGTGAGGATGT-3Ј (forward; BW-24) and 5Ј-GCTTTGCGTTGTGCTTTCTT-3Ј(reverse; BW-25). PCR primers for the OAT1 (SLC22A6) mRNA were 5Ј-GACCAGCCTGCAGAAGGAAC-3Ј (forward) and 5Ј-CAGGGAT-GTGCGAATGATTG-3Ј (reverse). PCR primers for the DMT1 (SLC11A2) mRNA were 5Ј-TCAGAGCTCCACCATGACTG-3Ј (forward) and 5Ј-TGTGAACGTGAGGATGGGTA-3Ј (reverse).
Tissues for histology. At the indicated times after treatment, tissues were harvested, cut into small pieces with a razor blade, and fixed in phosphate-buffered 4% paraformaldehyde. For immunofluorescence, mice were anesthetized with avertin and perfused via the heart with 20 ml of PBS and then 20 ml of 4% paraformaldehyde. After dehydration, the tissues were embedded in paraffin. Hematoxylin-stained sections were photographed at several magnifications, using standard procedures.
In situ hybridization. The template for cRNA probes included a portion of the ZIP domain. This sequence is unique to ZIP8 and was generated by PCR using the primers 5Ј-AATTAACCCTCAC-TAAAGGGGGATCCGCTATGCCAACCCCGCTG-3Ј (P081) and 5Ј-GTAATACGACTCACTATAGGGCATCGATGCAAGATCA-CAAAGTCCCCT-3Ј (P082). PCR products contained a 5Ј T3 polymerase promoter and 3Ј T7 polymerase promoter for generation of sense and antisense probes, respectively, as described previously (12) .
Immunofluorescence and immunohistochemistry. An antibody to ZIP8, which recognizes a peptide in a large predicted cytoplasmic loop, was prepared and affinity-purified by Bethyl Laboratories (Montgomery, TX). The 16-mer immunogen is contained within a 50-mer covering positions 251-300 of ZIP8: GVTCYANPAVTEPNGHIHFDTVSVVS-LQDGKTEPSSCTCLKGPKLSEIGT. For immunofluorescence, tissue sections were cleansed of paraffin, hydrated, and blocked with PBSTween 20 ϩ 10% goat serum and 1% BSA overnight at 4°C. Sections were reacted with ␣-ZIP8 (1/200) for 4 h at room temperature. After sections were washed and blocked again, sections were incubated with a secondary Alexa Fluor 594-conjugated goat anti-rabbit antibody (Invitrogen) at a dilution of 1:100 for 2 h. To label specifically endothelial cells of the testis, slides were washed and then incubated with a mouse monoclonal anti-CD31 antibody (1/20 dilution; Abcam, Cambridge, MA), followed by detection by a goat anti-mouse Alexa Fluor 488-conjugated secondary antibody (Invitrogen) at a dilution of 1:100 for 2 h. To label specifically epithelial cells of the proximal convoluted tubules (PCT), the slides were washed and then incubated with fluorescein-conjugated Lotus tetragonolobus lectin (Sigma, St. Louis, MO) at a dilution of 1:200 for 30 min at room temperature. Slides were washed and coverslipped with Vectashield 4Ј,6-diamidino-2-phenylindole mounting medium (Vector Laboratories, Burlingame, CA).
For immunohistochemistry, sections were prepared and incubated with primary antibody as above. The primary antibody was detected with the TSA BiotinSystem (catalog no. NEL700A; Perkin-Elmer, Boston, MA), according to the manufacturer's recommendations. In some experiments, peptide preadsorption was used to assess antibody specificity. In these experiments, primary antibody was incubated overnight with or without a 200-fold molar excess of the peptide immunogen, and immunohistochemistry was conducted as above.
Enzyme and small-molecule measurements to assess kidney function. Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured, following the manufacturer's suggested protocols and using the Hitachi AST (SGOT) and ALT (SGPT) reagent kits, respectively, from Pointe Scientific (Canton, MI). Plasma blood urea nitrogen and serum creatinine phosphokinase were determined with the use of Stanbio enzymatic procedures 2050 and 0910, respectively (Stanbio, Boerne, TX). Before urine was collected, mice were hydrated with 1.0 ml H2O by gavage; urine was collected for the next 2 h from metabolic cages. Urinary and serum creatinine were measured by the Stanbio direct creatinine Liquicolor procedure (no. 0420). Urinary N-acetyl-␤-D-glucosaminidase (NAG) was measured by first diluting 10:1 to minimize any effects of enzyme inhibitors; then, NAG was measured via liberation of p-nitrophenylate (23) . Urinary ␥-glutamyltranspeptidase (GGT) was measured by the use of glutamyl derivatives of aromatic amines as substrate (45); L-␥-glutamyl-p-nitroanilide was added as a substrate (21), with glycylglycine to increase the speed of the reaction (30) . The increase in absorbance of p-nitroaniline at 405 nm is proportional to GGT activity (42) . Urinary glucose, ketones, protein, blood, and pH were measured with Diascreen-5 reagent strips for urinalysis (Hypoguard, Minneapolis, MN). Blood pressure and heart rate measurements were taken by tail-cuff measurements (BP analysis system model MC 4000; Hatteras Instruments; Cary, NC).
Sample preparation for determining tissue Cd concentrations. At the indicated times after Cd treatment, tissues (ϳ100 mg of kidney, liver, lung and brain) were placed in septum-sealed glass tubes and treated with 0.5 ml of 50% (vol/vol) HNO3 and subjected to microwave digestion (150 W; 1.00-min ramp time, 2.00-min hold time; 250 psi; 170°C), using the CEM Explorer system equipped with the Discover auto-sampler (Matthews, NC) (50) . Digested samples were then diluted to 10.0 ml with double-distilled water containing an yttrium internal standard (100 g/l).
Inductively coupled plasma mass spectrometer. An Agilent 7500ce (Agilent Technologies, Tokyo, Japan) inductively coupled plasma mass spectrometer equipped with shielded-torch and collision/reac-tion-cell technology was used for the element-specific detection of Cd.
The collision/reaction cell consisted of an octopole-ion guide, operated in "rf-only" mode, which also served for the removal of polyatomic interferences. Forward power was 1,500 W (with shielded torch); plasma gas-flow rate was 15.6 l/min; auxiliary gas-flow rate was 1.0 l/min; carrier gas-flow rate was 1.20 l/min; the nebulizer was glass-expansion microcentric; spray chamber was ϳ2°C (Scott double-channel); sampling depth was 6 mm; sampling and skimmer cones were nickel; dwell time was 0.1 s; isotopes monitored included 55 Mn, 66,68 Zn, 111,112,113,114 Cd, and 89 Y (internal standard); and the octopole reaction system used helium (flow optimized before each experiment).
Statistical analysis. Statistical significance between groups was determined by ANOVA among groups and Student's t-test between groups. All assays were performed in duplicate or triplicate and repeated at least twice. Statistical analyses were also performed with the use of SAS statistical software (SAS Institute, Cary, NC) and Sigma Plot (Systat Software, Point Richmond, CA).
RESULTS
Generation of Slc39a8 BAC-transgenic mice.
The Cd sensitivity vs. resistance difference cannot be explained by a nucleotide substitution in the coding sequence or intron-exon splice junctions of the Slc39a8 gene; by genetic mapping; however, we know that the mutation responsible for the Cd-induced testicular necrosis is within an 880-kb region on mouse chromosome 3 that includes Slc39a8 (12) . We therefore chose the largest possible BAC construct in generating transgenic mice to assess the restored sensitivity phenotype, which includes organ-specific and cell type-specific gene expression. Thus a 129 genomic BAC library was screened for Slc39a8, and several clones were isolated. Clone 190B6 (Fig. 1A) carried the greatest amount of 5Ј-and 3Ј-flanking sequences and thus was used for the microinjection experiments. Clone 190B6 contains precisely 168,722 bp of DNA, spanning nucleotides 135,671,053 to 135,839,774 (Ensembl locations), on mouse chromosome 3. This clone contains no other genes except the Slc39a8 gene (63,815 bp), plus 87 kb of 5Ј-flanking and 18 kb of 3Ј-flanking sequences.
For screening founder transgenic mice by PCR, we used a primer set that amplified the boundary between the vector's SP6 promoter and the 3Ј-most flanking sequence of clone 190B6. This PCR reaction, which confirmed the presence of the intact 3Ј-end of clone 190B6, detected three female founder mice, which were designated BTZIP8-5, -6, and -3 (Fig. 1B) . Although microsatellite differences within the Slc39a8 gene between B6 and 129 mice exist, none is close to the 5Ј-end of the BAC used for transgenesis. Sequence analysis revealed a SNP located ϳ19 kb downstream of the PmeI site as the 5Ј-most sequence difference that exists between 129 and B6 mice in clone 190B6; this PmeI site was used to linearize the BAC. Sequence analysis of this SNP confirmed the presence of transgene sequences very near to the 5Ј-end of the BAC in all transgenic founder mice; thus we believe that all three founder mice likely have integrated the complete transgene.
Each founder female was crossed with B6 male mice, and the offspring were screened for the presence of the transgene. BTZIP8-5 and BTZIP8-6 mice each delivered three litters, and no transgenic offspring were detected. On the other hand, founder BTZIP8-3 and her offspring have continued to deliver transgenic offspring that do not vary from a 1:1 Mendelian ratio. The official nomenclature for the BAC-transgenic BTZIP8-3 mouse line is TgB6.129/SvJ(Slc39a8)3Neb.
Estimation of BAC copy number. Large DNA fragments carried in BACs often contain sufficient flanking sequences to allow for the formation of independent gene loci (20, 37) . This, in turn, leads to transgenes that are expressed similarly to the endogenous gene, in an organ-specific, cell type-specific, and temporal-specific manner; thus expression is usually copynumber-dependent and integration-site-independent. By centering an intronic RFLP within a PCR product, we were able to determine the ratio of B6 (endogenous) vs. 129 (transgene) copies of the Slc39a8 gene in each of the three founder mice (Fig. 1B) . The quantitative sequencing SNaPshot technique involves primer extension (of a single allele-specific fluorescent dideoxynucleotide, represented by the diagnostic SNP) followed by fluorescence quantification. The BTZIP8-5 and BTZIP8-6 founders contained 5 Ϯ 1 and 6 Ϯ 1 copies of the transgene Slc39a8, respectively. The BTZIP8-3 founder and offspring have an integrated transgene locus containing 3 Ϯ 1 copies of the transgene Slc39a8, which has continued to follow Mendelian transmission.
Accumulation of ZIP8 mRNA in BTZIP8-3 transgenic mice. The BTZIP8-3 line was maintained as heterozygotes at the transgene locus, such that (including the two alleles of the endogenous Slc39a8 gene) these BAC-transgenic mice contain a total of 5 Ϯ 1 Slc39a8 gene copies. ZIP8 mRNA levels varied considerably among tissues of the transgenic mouse line (Fig.  2A) . Tissue variation was very similar between transgenic mice and nontransgenic littermate controls. Compared with the loading control of total RNA ( Fig. 2A) , ZIP8 mRNA levels were highest in lung Ͼ kidney ϭ testis Ͼ Ͼ liver Ͼ brain ϭ small intestine. When normalized to GAPDH (Fig. 2B) , ZIP8 mRNA levels within a given tissue were consistently ϳ2.5 times higher in transgenic than in nontransgenic mice, and these 2.5-fold-enhanced mRNA levels in BTZIP8-3 mice are quite close to levels expected for a gene copy-dependent increase: five copies in transgenic mice vs. two copies in nontransgenic mice. These analyses strongly suggest that the transgene Slc39a8 behaves similarly to the endogenous gene, with regard to tissue-specific expression, and is expressed in a copynumber-dependent manner.
Robust ZIP8 expression in testicular endothelial cells from BTZIP8-3 mice. Using in situ hybridization, our group (12) previously showed that the amount of cell-specific expression of ZIP8, only in the vascular endothelial cells of the testis, was higher in 129 and D2 than in A/J or B6 mice and that this in all likelihood explains why the 129 and D2 inbred strains are sensitive and A/J and B6 strains are resistant to Cd-induced testicular damage (12) . Thus, if the DNA comprising the BAC clone-from a 129 genomic library contains sequences that specify testis vascular endothelial cell-specific expression of Slc39a8, then we should detect higher levels of ZIP8 in the testicular endothelial cells of BTZIP8-3 mice than in the nontransgenic littermate controls.
In situ hybridization of testis from BTZIP8-3 mice (Fig. 3 ) showed a robust signal in endothelial cells of the testis vasculature. In contrast, nontransgenic littermate control mice showed little expression in these cells, similar to what had been found in the A/J and B6 resistant strains (12) . As reported previously, considerable ZIP8 mRNA signal is present throughout the seminiferous tubules in equal amounts in sensitive and resistant strains of mice (12) . This finding indicates that, whatever DNA variant site is responsible for expression in the testis vasculature, this mutation does not impact the level of expression in other cell types in the testis that showed no difference between Cd-sensitive and Cd-resistant mouse strains. The same is true for all cell types in other tissues and organs that we have examined.
It is difficult to identify every tiny blood vessel by hematoxylin and eosin morphology on an in situ slide, which has undergone a series of harsh, degrading treatment steps. We are certain, however, that the large "plump" triangular cells are virtually all Leydig cells, which are signal-negative. Furthermore, we are certain that the strongest signal is derived from the smaller compressed cells having slender flattened nuclei, and, given their distribution pattern and arrangement with neighboring cells, these cells are most probably the linings of tiny blood vessels (Fig. 3) . There are some signal foci present near a cluster of Leydig cells, in which there is no obvious blood vessel identifiable; most likely, these foci represent tangential sections through the edge of a curvilinear blood vessel, so that there is a sliver of cytoplasm of an endothelial cell but no diagnostic endothelial nucleus to help guide the assessment. In any event, whereas the tiny blood vessels are difficult to identify with certainty in all cases, we conclude that the endothelial cells surrounding tiny blood vessels are the source of the highest density signal.
Using an anti-ZIP8 antibody, we detected a strong signal in testicular vascular endothelial cells (identified as cells staining with the anti-CD31 endothelial cell-specific antibody) in BTZIP8-3 mice but not in cells of nontransgenic littermate controls (Fig. 4) . Peptide preadsorption, using the immunizing peptide and nonimmune IgG used at the same concentration as ␣ZIP8, both resulted in elimination of the ZIP8 immunofluo- Fig. 2 . A: Northern blot hybridization analysis of ZIP8 mRNA in 6 tissues of BTZIP8-3 mice (ϩ) and nontransgenic littermate (Ϫ) controls. Bottom: equal loading of total RNA on a duplicate ethidium bromide-stained gel. B: quantification of ZIP8 mRNA. ZIP8 mRNA-to-GADPH mRNA ratio was set to 1.0 in the nontransgenic (NonTg) littermate controls; closed bars denote the fold increases in ZIP8 mRNA, as determined by quantitative PCR. sm.int., Small intestine. Fig. 3 . Localization of ZIP8 mRNA in testis using cRNA in situ hybridization. These mice were not treated with Cd. Sections from BTZIP8-3 transgenic mice or NonTg littermate control mice were incubated with a radiolabeled antisense probe specific for ZIP8 mRNA (top 2 right panels) or with a sense probe negative control (bottom 2 right panels); the resultant signal deposition was photographed with dark-field microscopy. Sections were also stained with hematoxylin and eosin for histological comparison (bright-field microscopy; left). Arrowheads identify endothelial cells of the testis vasculature; arrows depict representative Leydig cells. The deposited signal labels ZIP8 mRNA-containing endothelial cells in transgenic mice (top row, arrowheads) at much higher levels than that in nontransgenic mice (compare signal density in first and second right panels). On the contrary, the ZIP mRNA signal in seminiferous tubules is labeled equally in both strains. Insets: higher magnifications of blood vessels, in which the signal intensity is substantially higher in endothelial cells of the BTZIP8-3 mouse than the NonTg mouse; the signal is associated with endothelial cells and not with nearby Leydig cells. rescent signal (not shown). ZIP8-specific staining was also present in seminiferous tubules of mice of both mouse genotypes, although this is not seen in the high-magnification images shown to highlight blood vessel staining in Fig. 4 . Homogeneous seminiferous tubule staining is consistent with the ZIP8 in situ hybridization data (Fig. 3) . In BTZIP8-3 mice, the ZIP8 protein was detected in the endothelial cells of capillaries and in areas where larger vessels bifurcate to become capillaries. Endothelial cells clearly express ZIP8 protein on the apical membranes of polarized cells in culture (19) , a finding that is consistent with the movement of Cd from plasma into endothelial cells. In summary, sequences contained within the 168.7 kb of BAC clone 190B6 must include the nucleotide(s) needed to specify endothelial cell expression of ZIP8 in the testis vasculature. By extrapolation, this same 168.7 kb on mouse chromosome 3 must contain the mutation that silences this gene in the testis vasculature endothelium of inbred strains that are resistant to Cd-induced testicular damage.
Reversal of Cd-induced testicular damage in BTZIP8-3 mice. BTZIP8-3 mice possess two endogenous Slc39a8 alleles derived from B6, whose gene products are not significantly expressed in testicular endothelial cells. The three 129 transgene alleles restored expression of ZIP8 mRNA (Fig. 3) and protein (Fig. 4) to these cells, and, if previous conclusions are correct, this should render BTZIP8-3 sensitive to Cd-induced testicular damage. To evaluate this hypothesis, male BTZIP8-3 and nontransgenic littermate control mice were treated with Cd (30 mol/kg sc); 12 h later, the mice were killed, and the testes were dissected, photographed, and prepared for histology (Fig. 5) . Testes from the BTZIP8-3 mice were severely hemorrhagic after Cd treatment, whereas testes from the nontransgenic littermate control mice appeared normal. These data thus confirm that the 129-derived transgenes reversed the phenotype from resistance (seen in the nontransgenic littermate) to sensitivity.
Similar conclusions can be drawn from histological analysis of testes from Cd-treated mice (Fig. 6) . Cd-treated BTZIP8-3 mice showed massive edema, extravasation of red blood cells through capillaries, and plugging of platelets, as previously described for sensitive strains of mice. Nontransgenic littermate controls containing only the B6-derived Slc39a8 gene are resistant to Cd-induced testicular damage, and untreated BTZIP8-3 mice are similarly without testicular damage. Thus the 129-derived Slc39a8 transgenes, inserted to generate the BTZIP8-3 mouse, reverse Cd-induced testicular damage on the resistant B6-derived Slc39a8 gene background. On the basis of Fig. 4 . Localization of the ZIP8 protein in endothelial cells of the testis vasculature. Sections from NonTg littermates (left) and from BTZIP8-3 (right) mice were reacted with the mouse monoclonal endothelial-specific ␣CD31 (top) and with rabbit ␣ZIP8 (middle), followed by species-specific secondary antibodies conjugated with Alexa Fluor 594 (red; identifying ZIP8) or Alexa Fluor 488 (green; identifying CD31). Sections were also stained with 4Ј,6-diamidino-2-phenylindole (DAPI) (blue) to identify nuclei. Merging the 2 (bottom) shows that protein interacting with ␣CD31 and protein interacting with ␣ZIP8 colocalize precisely in the same cell type in BTZIP8-3 mice and that the ZIP8 signal is absent from ␣CD31-positive cells in nontrangenic littermates.
phenotypic reversion, these data unequivocally demonstrate that the Slc39a8 gene is the Cdm locus.
Increase in Slc39a8 copy number enhances Cd-induced lethality. Standard protocols to assay Cd-induced testicular damage involve Cd administration and then assessment of testicular damage 24 -48 h later. Substantial amounts of testicular damage, however, do not take this long to develop (see above). Because the 30-mol/kg dose of Cd used in these assays did not damage other organ systems in Cd-sensitive strains, longer incubation times had customarily been adopted for greater assurance of phenotypic evaluation.
When we initially had tried to evaluate Cd-induced testicular damage in BTZIP8-3 mice, we treated three BTZIP8-3 mice and three nontransgenic littermate controls and planned to evaluate testicular damage at 24 h. Before the 24-h time point, however, all BTZIP8-3 mice became moribund and had to be euthanized. As observed for Cd-sensitive strains of mice, this was not the case for the nontransgenic littermate controls. We wondered whether the Cd-treated BTZIP8-3 mice were dying from severe damage to the liver, which is a major target organ of acute poisoning by high Cd doses. Cd-treated BTZIP8-3 mice showed modest rises in ALT and AST levels, however, compared with nontransgenic littermate controls (Table 1) . Also, no striking histological differences in the liver between Cd-treated BTZIP8-3 and Cd-treated nontransgenic littermate controls were found (data not illustrated). These data indicate that this dose of Cd was not acutely hepatotoxic, and liver damage was certainly not the reason for BTZIP8-3 mice dying and littermates not dying after Cd treatment.
Acute renal failure and signs of proximal tubular damage in Cd-treated BTZIP8-3 mice. Table 1 shows an approximately twofold increase in blood urea nitrogen in the Cd-treated Fig. 5 . Reversion of the wild-type-resistant phenotype to the sensitive phenotype, expressed as Cd-induced testicular necrosis, when 3 additional Slc39a8 genes from the sensitive 129 mouse were inserted into the resistant B6 mouse genome. All mice had been treated with Cd (30 mol/kg sc) for 12 h. The nontransgenic littermate (NonTg) shows resistance (left), whereas the BTZIP8-3 (middle) and the 129S6 inbred strain (right) show sensitivity. Fig. 6 . Histology of the testis from Cd-treated vs. nontreated mice. The nontransgenic littermate (NonTg; top) and BTZIP8-3 mice (middle) were treated with Cd, and the testis was harvested 12 h later and prepared for histology. The untreated BTZIP8-3 mouse (bottom) received vehicle only, and testes were also harvested at 12 h. Arrows in middle panels point to blood that has extravasated from the vessels into the interstitium. Left panels are ϫ20 (bar ϭ 200 m); right panels are ϫ60 (bar ϭ 100 m).
BTZIP8-3 mice, compared with Cd-treated nontransgenic littermates and untreated BAC-transgenic and nontransgenic controls; this finding is suggestive of nephrotoxicity. Subsequent analysis revealed that BTZIP8-3 mice display many symptoms of acute renal failure (Table 1) , including a dramatic decrease in urinary output after Cd challenge. In fact, elevated levels of NAG, GGT, and glucose (plus protein in the urine) are all pathognomonic of renal proximal tubular damage (5, 44) . Moreover, high levels of urinary GGT are consistent with apical membrane damage (29) .
Histological examination of kidney from BTZIP8-3 mice, 12 h after the subcutaneous injection of Cd, showed injury localized predominantly to the cortical region (Fig. 7) , characterized by mild tubular dilatation and moderately extensive vacuolization of cytoplasm in the epithelial cells, mainly from the proximal tubules. In some areas, the vacuoles were more confluent and displayed subnuclear localization. In addition, there was substantial loss of the brush borders. Kidneys from the nontransgenic littermate controls showed minimal injury, localized also to the cortical region and proximal tubules, with significantly less epithelial vacuolization or loss of brush borders. The interstitium and glomeruli, on the other hand, revealed no histological changes in either the BTZIP8-3 mice or nontransgenic littermates.
Increased damage to the kidney is likely the result of an enhanced Cd uptake by the ZIP8 transporter after Cd exposure. In agreement with this notion (Table 1) , Cd levels in the kidney were twofold greater in BTZIP8-3 mice than in the nontransgenic littermate controls. Intriguingly, no significant differences in Cd uptake were seen in the liver, lung, or brain (Table  1) . These findings are perhaps not surprising for liver and brain, where ZIP8 expression is quite low. ZIP8 expression is highest in lung, even higher than that in testis or kidney (Fig.  2) . However, ZIP8 is apically expressed (19) ; in lung, the apical surface would be that in contact with the airways rather than exposed to the venous supply of Cd. Another possibility is that aberrant ZIP8 expression might lead to compensation (upregulation) by other transporters that are able to carry Cd. We therefore measured OAT1 (SLC11A2) and DMT1 (SLC22A6) mRNA levels by quantitative PCR in the lung, kidney, testis, liver, brain, and small intestine of untreated BTZIP8-3 vs. nontransgenic littermates; however, no significant differences in either transporter mRNA level in any of these six tissues were detected (data not shown).
Acute kidney failure in response to Cd could be caused by rhabdomyolysis, endotoxic shock, or vascular endothelial damage. Because serum creatinine phosphokinase was not highly elevated (Table 1) , rhabdomyolysis is quite unlikely. Although we found a decrease in blood pressure (Table 1) , it was not statistically significantly different between Cd-treated BTZIP8-3 mice and littermate controls; this rules out vascular endothelial damage or endotoxic shock and suggests that death, which usually occurred in Cd-treated BTZIP8-3 mice between 15 and 30 h after treatment with the 30-mol/kg dose, is most likely the result of acute renal failure.
Localization of ZIP8 in kidney. In BTZIP8-3 and littermate control mice not previously treated with Cd, the in situ hybridization signal in kidney (Fig. 8) was high in the tubular cortex and virtually absent in the medulla. Grain density in the tubular cortex of kidneys from BTZIP8-3 mice was higher than that of nontransgenic littermate controls; this is consistent with increased ZIP8 expression in all tissues examined in the transgenic mice (Fig. 2) . In general, in situ hybridization signals were highest in cells having morphology consistent with proximal tubular epithelium, although a gradient in expression between the different segments (i.e., S1, S2, S3) was not obvious.
Immunohistochemical signals (Fig. 9 ) of the ZIP8 protein were more robust in BTZIP8-3 than in nontransgenic littermate kidney sections; this is also consistent with increased ZIP8 expression in all tissues examined in the transgenic mice (Fig.  2) . On the other hand, the staining pattern between mice of both genotypes was the same: the ZIP8 protein was located predominantly on the apical membranes of proximal tubular epithelial cells; staining was much less intense or absent in distal convoluted tubules (DCT) and glomeruli. Staining was also much less intense or absent from cells present in the kidney medulla (not shown). Staining was also very low or absent on basolateral membranes. These observations are consistent with ZIP8 localization on the apical surfaces of MadinDarby canine kidney epithelial cells in culture (19) and also consistent with our observed Cd-induced proximal tubular damage in BTZIP8-3 mice (Table 1 and Fig. 7 ).
DISCUSSION
Previously, we had reported several convergent lines of evidence showing that the Slc39a8 gene is correlated with the Cdm locus (12) . The Cdm locus was originally described as an autosomal recessive trait conferring resistance to Cd-induced testicular necrosis (43) . B6 mice are resistant to Cd-induced testicular damage, and one copy of the Cd-sensitive wild-type Cdm, from any of numerous inbred mouse strains (including Fig. 8 . Localization of ZIP8 mRNA in kidney using cRNA in situ hybridization. These mice were not treated with Cd. Sections from BTZIP8-3 or NonTg control mice were prepared as described in Fig. 3 . The antisense probe specific for ZIP8 mRNA is present in the top 2 right panels, and the sense probe negative control is shown in the bottom 2 right panels. Left panels represent bright-field microscopy. Cortex is at right (note large amounts of tubular signal), and medulla is at left. Compared with the sense control panels, there are no increases in grains when the antisense probe is used, meaning that the signal is virtually absent in medulla. Insets: tubular staining pattern around a glomerulus, suggesting hybridization in S1 and S2 proximal tubular segments. Note low staining of the glomerulus vs. higher signal in the adjacent tubules. 129), results in Cd-sensitive F 1 offspring (13, 43) . Because the Cdm locus is based on the Cd-induced phenotype, proof that Slc39a8 is Cdm must rely ultimately on reversal of phenotype in the intact animal. This has been accomplished in Figs. 3-5 of the present report. This study therefore has shown unequivocally that the Slc39a8 gene is indeed the Cdm locus.
There is no in vitro or cell culture assay that can prove that Slc39a8 is Cdm; the blood-barrier characteristics of the endothelium of the testis vasculature are unique to any other cell type in the body (6, 22) , including the blood-brain barrier. We therefore reasoned that a Slc39a8 allele from a sensitive strain of mice should confer sensitivity to Cdinduced testicular necrosis in a resistant inbred strain. The BT-ZIP8 -3 line was generated (Fig. 1) and characterized: ZIP8 mRNA levels in various tissues and quantification of ZIP8 mRNA (Fig. 3) provided strong evidence that the BTZIP8-3 line expresses its Slc39a8 transgenes in the endothelial cells of the testis vasculature. As endpoints for assessing phenotypic reversion and proof the Slc39a8 gene is Cdm, the transgenic mice showed expression of ZIP8 mRNA (Fig. 3) and protein (Fig. 4) in vascular endothelial cells of the testis and grossly displayed exquisite sensitivity to Cd-induced testicular damage (Fig. 5) . Histological analysis also confirmed Cd-induced damage in the testis (Fig. 6) but not in the liver (data not shown).
Somewhere within this BAC (Fig. 1) is located the DNA variant site responsible for the phenotype of resistance to Cd-induced testicular necrosis. This Slc39a8 mutation does not appear to be associated with any other strain-specific difference in sensitivity to Cd-induced damage involving organ systems other than the testis (43) . Hence, this conclusion is consistent with the ZIP8 transporter possibly being able to mediate Cd injury to organ systems aside from testis. Indeed, the transporter properties of ZIP8 make it a likely candidate for uptake of Cd into cells (12, 19) , which is a requirement for Cd damage. Inbred mouse straindependent differences in ZIP8 expression are apparently limited, however, to endothelial cells of the testicular vasculature. Indeed, even within the testis, the majority of ZIP8 mRNA resides in cells of the seminiferous tubules, and this localization is strain-independent (12).
It is not clear why the BTZIP8-5 and BTZIP8-6 founders did not produce transgenic offspring, although, compared with the BTZIP8-3 line, these founders contained several more transgene copies. It is thus very likely that "having more than five Fig. 9 . Localization of the ZIP8 protein in kidney. Sections from NonTg littermates or BTZIP8-3 mice were reacted with the antibody ␣ZIP8 (top 2 left) or a peptide antigen-directed ␣ZIP8 block (bottom left) and then horseradish peroxidaseconjugated secondary antibody. Furthermore, sections from BTZIP8-3 mice were reacted with ␣ZIP (top right) followed by Alexa-Fluor 594 dye-conjugated secondary antibody; sections were also stained with the proximal tubule-specific FITCconjugated Lotus tetragonolobus lectin (middle right) and then counterstained with DAPI. These 2 were then merged (bottom right). Red identifies the ZIP8 protein; green identifies apical proximal tubular membranes; blue identifies cell nuclei. At top and middle left, thin arrows identify distal convoluted tubules, whereas thick arrows identify proximal convoluted tubules.
copies of the mouse Slc39a8 gene" might always lead to embryonic lethality.
Northern hybridization analysis indicated that ZIP8 is expressed at high levels in kidney (Fig. 2) . This is of great interest with regard to Cd-induced disease in humans because the kidney proximal tubule has been known for decades to be the most critical cell target for chronic Cd exposure. We demonstrated that the highest amounts of ZIP8 mRNA (Fig. 8) and protein (Fig. 9) are expressed in the renal proximal tubules and that expression is greater in the BTZIP8-3 line than in the nontransgenic littermate. Moreover, Cd levels are twofold greater in the BTZIP8-3 mouse than in the nontransgenic littermate. Thus a gene-dose increase (from two copies of the Slc39a8 gene to five copies) heightens Cd uptake in the renal proximal tubules, following acute administration of this metal. , Cd 2ϩ and Ni 2ϩ , and plays a critical role in the pathogenesis of iron deficiency and overload disorders (38) . One group (16) showed membrane-bound SLC11A2 was localized in the collecting ducts more than in the PCT or DCT, and a second group (8) showed it was localized at the brush border and apical pole of epithelial cells of the PCT. Calcium channels have also been postulated to transport Cd in kidney, but there are no definitive data to date to support that this transport occurs in the PCT (7). There is evidence that Cd is transported by SLC11A2 in the DCT (16), which is not the primary target for Cd in the kidney. The K m of ZIP8 for Cd is 0.62 M in mouse cell cultures using HBSS (19) , which is half as much as the K m of SLC11A2 for Cd when the transporter mRNA was expressed in Xenopus laevis oocytes (36) . Thus SLC11A2 also transports Cd with high affinity, a transport quality likely essential for the uptake of low levels of environmental Cd. We believe, therefore, that the most relevant transporter for Cd-induced pathophysiological changes will be the high-affinity transporter with the cell-type-specific localization that fits the target cell population. In this regard, ZIP8 seems a better candidate for mediating kidney toxicity because it is expressed in proximal tubules, whereas SLC11A2 is reported to be expressed in DCT. Herein, we show that genedose increases in Slc39a8 can indeed negatively impact proximal tubular damage, further suggesting an important role for ZIP8 in this cell type.
If basolateral entry of Cd into the PCT cell is important, one potential transporter would be OAT1 (SLC22A6), which has been shown in Madin-Darby canine kidney cells stably transfected with human SLC22A6 to mediate the inward transport of Hg 2ϩ in the form of Cys-S-Hg-S-Cys and other similar complexes (52) . Chronic Cd treatment of rats leads to a decreased V max of the Na ϩ /H ϩ exchange antiporter-3 in the PCT (2), but we believe this inhibitory effect is a consequence of Cd poisoning of proteins in the cell (most likely due to excess Cd, taken up by the cell via ZIP8). In the present study, we have found no compensatory upregulation of either SLC11A2 or SLC22A6 mRNA, when comparing untreated BTZIP8-3 mice with nontransgenic littermates.
In humans, Cd-induced renal disease occurs, following Cd accumulation in the cells comprising the S1 and S2 segments of the PCT over time, until Cd concentration in these cells reaches a threshold for Cd damage (44) . No system that measures acute Cd toxicity (including this report) accurately duplicates this process. It has previously been reported that Cd-metallothionein (Cd-MT) complexes are extremely nephrotoxic, relative to CdCl 2 , and Cd-MT has been hypothesized to be important in Cd-induced nephrotoxicity (46) . Studies with Mt1/2(Ϫ/Ϫ) knockout mice have shown that Cd-MT is not necessary for PCT to be the target cell population for chronic Cd-induced toxicity; in fact, Mt1/2(Ϫ/Ϫ) mice are more sensitive to chronic Cd-induced nephrotoxicity than wildtype mice (32) . These data do not mean that Cd-MT is not an important source of Cd in the kidney, in organisms that express MT, but the data show that Cd-MT complexes are not necessary. Furthermore, as noted above, data suggest that Cdinduced nephrotoxicity requires the accumulation of Cd in the PCT rather than the acute inhibition of cellular transport (46) . Thus any model for Cd-induced nephrotoxicity should include progressive Cd uptake that is not acutely toxic but rather, with time, leads to the chronic slow accumulation Cd in the PCT. Any transporter involved in this process must possess celltype-specific expression and membrane localization, consistent with the transporter being interposed between the milieu that contains Cd and the target cell type. ZIP8 is an apical transporter with high expression in lung, kidney, and testis; thus ZIP8 is perhaps a strong candidate for uptake of Cd from the airways in the lungs and, as we show in the present report, for uptake of Cd by testis vasculature endothelial cells and reuptake of Cd from the glomerular filtrate into the PCT epithelial cells.
The molecular form of Cd carried in the blood might be an important determinant in the mechanism of Cd toxicity. No one knows the mechanisms by which Cd-MT complexes lead to Cd accumulation in the PCT. Transporters such as ZIP8 may be important for this uptake, as well as the free Cd, which itself is likely associated with thiol groups within the plasma (1). In the present report, we have demonstrated that ZIP8 is present in the PCT and that a modest gene-dose overexpression of ZIP8 in the PCT renders these cells sensitive to acute Cd-induced nephrotoxicity. Together with data that demonstrate that ZIP8 is a high-affinity rogue Cd transporter (19) , ZIP8 is an excellent candidate for the transporter that allows Cd to accumulate in the PCT during chronic Cd intoxication. Whether ZIP8 is important for chronic Cd intoxication, leading to such clinical disorders as Fanconi syndrome, will require further experimentation.
It is difficult to dissociate impaired energy production or other biochemical defects from a defective transporter system. For example, just as chronic Cd causes a decreased V max of the rat Na ϩ /H ϩ exchange antiporter-3 (2), we postulate that ZIP8-mediated reabsorption of Cd might also poison the NBC1 transporter, causing decreased HCO 3 Ϫ reuptake, which would lead to metabolic acidosis. Whether functional mutations in the (mouse or human) SLC39A8 gene might exist and cause disease and how pivotal the ZIP8 transporter might be (to the various inherited and acquired forms of renal Fanconi syndrome) are long-range goals in our laboratories.
